In this paper SiO x thin films were deposited on Y-TZP ceramics by reactive magnetron sputtering technique in order to improve the adhesion properties between Y-TZP and resin cement for applications in dental prosthesis. For fixed cathode voltage, target current, working pressure and target-to-substrate distance, SiO x thin films were deposited at different oxygen concentrations in the Ar+O 2 plasma forming gas. After deposition processes, SiO x thin films were characterized by profilometry, energy dispersive spectroscopy (EDS), optical microscopy and scanning electron microscopy (SEM). Adhesion properties between Y-TZP and resin cement were evaluated by shear testing. Results indicate that films deposited at 20%O 2 increased the bond strength to (32.8 ± 5.4) MPa. This value has not been achieved by traditional methods.
Introduction
Ytria-stabilized tetragonal-zirconia-polycrystalline (Y-TZP) is a biocompatible material that has excellent mechanical properties, such as, high flexural strength, fracture toughness and phase transformations through the stress generated in the appearance of cracks 1, 2 . Since the first appearance of Y-TZP as dental material, it has been increasingly used as infrastructure for metal-free prosthesis 3 , however the lack of chemical interaction between resin cement and zirconia surface decreases the bond strength. Good adhesion mediated by the use of resin-based cement in this interface is important for high retention, prevention of microleakage in this interface and to increase fracture and fatigue resistances to all-ceramic crowns 6 . Many surface treatments have been suggested in order to improve the bond strength between Y-TZP and resin cement as, for example, air particle abrasion with Al 2 O 3 associated with the use of primers that contain adhesive monomers (4-methacryloxyethyl trimellitate anhydride or methacryloxy decyl phosphoric acid monomers) or tribochemical SiO 2 coating associated to silane coupling agent application 4 . Both surface treatments improve the bond strength between Y-TZP and resin cement [5] [6] [7] . However, the impact of particles can induce tetragonal to monoclinic phase change on the zirconia surface. This region may contain microcracks and other flaws that could compromise long-term durability of Y-TZP [7] [8] [9] [10] [11] 14 , which lead us to seek another method in order to provide a reliable bond strength between these two materials without damage the Y-TZP surface for ensuring longevity with clinical success of zirconia-based prosthetic restorations.
Reactive magnetron sputtering deposition 12,13 is a plasma technique that presents as an efficient tool to be used in such applications once the bombardment of high-energy particles on solid surfaces creates free radicals, which may be useful to increase the adhesion properties between two different materials without compromise the surface of the substrate. Thus, as the chemical modification of Y-TZP by plasma processing is not well understood, in this work reactive magnetron sputtering was used to deposit SiO x thin films on Y-TZP ceramics aiming to facilitate the adhesion properties between Y-TZP and resin cement.
Experimental Setup
Y-TZP ceramics with 15 mm in diameter and 1.2 mm in thickness were sinterized at 1500 °C, polished and ultrasonically cleaned for 5 minutes in de-ionized water. Experiments were carried out in a vacuum chamber (schematically shown in Figure 1 ) evacuated to a background pressure of 5.0 × 10 -5 Torr (~0.7 × 10 -3 Pa). Cathode voltage, target current, working pressure and target-to-substrate distance (d ts ) were fixed at (500 ± 5) V, (0.50 ± 0.05) A, (20 ± 1) mTorr (~2.7 Pa) and (48 ± 1) mm, respectively. As sputtering source a silicon target (99.999%) was used and SiO x thin films were deposited on Y-TZP at 20, 40 and 60%O 2 in Ar+O 2 gas mixture. During deposition processes, all substrates attained at maximum 105 °C. After deposition processes, films were analyzed by optical profilometry (Veeco Wyko NT 1100), optical microscopy (Mitutoyo MF-A), electron dispersive spectroscopy (EDS), scanning electron microscopy (SEM) (LEO 435 VPi and Zeiss DSM 950) and by a universal testing machine (EMIC DL-100). Films thicknesses were measured by optical profilometry (optical interference microscopy) in order to calculate the deposition rate that was done by taking the ratio between film thickness and deposition time (30 minutes). Also, optical profilometry was employed in order to analyze the surface topography through digital images and the roughness mean value (R a ) of deposited films. The adhesion properties between Y-TZP ceramic and resin cement were studied as described schematically in Figure 2 . The bonding agent 3-methacryloxypropyl trimethoxysilane was applied on SiO x for curing for 180 seconds (step 2 in Figure 2 ). The bonding area of each sample was limited by an adhesive tape with 2.3 mm in hole diameter (step 3). The resin cement was placed into the transparent plastic cylinders (2.3 mm in diameter and 3.0 mm in thickness) and, then, both were fixed on the 3-methacryloxypropyl trimethoxysilane (steps 4 and 5). After this process, samples were stored into de-ionized water at room temperature (37 °C) for self-curing for 48 hours (step 6). After removing the plastic cylinder (step 7), the shear bond strength test was performed by application of a 50 kgf load-cell on the ceramic-cement interface in a speed of 1.0 mm/min (step 8). After shear testing, fractured samples were analyzed by optical microscopy and scanning electron microscopy. In addition, other sample without SiO x was made in order to compare the bond strength with those that use SiO x as intermediate adhesive layer.
Results and Discussion

Profilometry
As shown in Figure 3 , deposition rate of SiO x thin films decreases from approximately 30 to 5 nm/min as the oxygen concentration in the gas discharge increases from 20 to 60%. This effect is caused by the well-known process of target poisoning (oxidation) that decreases the sputtering yield of the target and, as consequence, the condensing atom flux toward the Y-TZP ceramic surface. According to Hattum et al. 15 as the oxygen flow rate increases, the gas discharge is characterized by a suddenly decrease of silicon atoms toward the growing film and, at the same time, SiO x molecules is increased, which indicates the covering of target and substrate by compound. Further, results indicate that surface roughness was not significantly modified as the oxygen concentration in the gas discharge increases. The roughness mean value of the films was found to be (357 ± 61) nm, (391 ± 69) nm and (366 ± 73) nm at 20, 40 and 60%O 2 , respectively. The roughness mean value of the Y-TZP surface without SiO x film is (380 ± 32) nm. Then, one can conclude that no significant modifications in R a were observed once these values are much smaller than those achieved by sandblasting technique 16 .
Energy dispersive spectroscopy (EDS)
Silicon oxide is a wide band gap material (9.0 eV) thereby it is transparent when deposited on Y-TZP. Thus, in order to confirm the presence of silicon on the substrates, EDS analyzes were conducted. In Figure 4 is possible to observe that the silicon concentration (C [%Si] ) on the Y-TZP, regarding the zirconia concentration (C [%Zr] ), decreases as the oxygen concentration increases from 20 to 60%. This is caused by decrease of the film thickness, which contributes to increase the relative concentration of zirconia on the substrate surface. Films deposited at 40 and 60% have thickness below 150 nm and as the electron beam in EDS penetrates much more than this value, the results from Figure 4 must be taken only as complementary to the profilometry data, i.e. as thinner the film is, smaller will be the relative concentration of silicon in the film. 
Shear testing, optical microscopy and scanning electron microscopy (SEM)
Bond strength decreases from approximately 33 to 15 MPa as the oxygen concentration increases from 20 to 60%, as shows Figure 5 . The bond strength without SiO x film is (11.5 ± 4.5) MPa so that one can observe an interesting increase of the bond strength between Y-TZP and resin cement when SiO x film is used as an intermediate adhesive layer. At low oxygen concentrations, the gas discharge is predominantly composed by metallic vapor and argon, which means that at low concentration, Y-TZP surface has a considerable presence of silicon atoms, as described in Figure 4 . Thus, the higher bond strength at 20%O 2 may be attributed to the higher presence of silicon on Y-TZP surface 15, 17 that probably makes the silicon oxide grow in a sub-stoichiometric form (0 < x < 2). This structure is more reactive and has higher chemical affinity to silane in comparison with stoichiometric SiO 2 . Then, it may be an indicative that the chemical affinity of SiO x thin films to silane is strongly correlated to the nonstoichiometric form, i.e. the bond strength is higher for SiO x deposited with x < 2. Snyders et al. 18 , based on the Berg's model to the modeling of reactive sputter deposition, reported that the oxygen concentration in the gas discharge influences directly the film stoichiometry but more studies regarding this issue must be taken into account in order to evaluate the effect of the film stoichiometry on the bond strength. In addition, at lower oxygen concentrations the plasma sheath in front of the film supports higher potential drop thus more energetic bombardment is promoted by Ar ion flux. This ion impact may cause formation of films with higher roughness, lattice defects and large amount of peaks and valleys 12, 13 where all these effects play an important role to increase the bond strength between Y-TZP and resin cement. On the other hand, as the surface modification by ion bombardment in reactive magnetron sputtering discharges is about of few nanometers 13 , it was not possible to observe significant modifications on the films surface by images of optical profilometry in Figure 6 . Although it can be seen that films surface deposited at lower oxygen concentrations (20 and 40%) are slightly more irregular than film deposited at 60%O 2 , which may also explain the increase of the bond strength to the films deposited at low oxygen concentrations.
The increase of the bond strength when zirconia surface is sandblasted with alumina or silica particle associated with zirconia primer is reported elsewhere 11, 14, 16 as achieved by sandblasting 16 , this method presents as efficient way to improve the adhesion properties between Y-TZP and resin cement without damage the Y-TZP surface, i.e. the bond strength is based mainly by chemical bond. In addition, this new method increases the bond strength to high values without compromise the quality of the substrate surface, which in traditional methods as, for example, in sandblasting it is not possible. Özcan et al. 9 evaluated the influence of different surface treatments on the shear bond strength between Y-TZP ceramic surface and resin cement and they found values between 8.23 and 12.02 MPa. Blatz et al. 14 have reported higher values (20.14 MPa) than those reported by Özcan employing air particle abrasion method with Al 2 O 3 with 50 μm grain size. On the other hand, Nothdurft et al. 11 using air particle abrasion method with Al 2 O 3 with 110 μm grain size attained values around 25.11 MPa. However, all reported data are lower than the bond strength reported in the present study, i.e. lower than (32.8 ± 5.4) MPa.
In Figure 7 (a), optical microscopy without deposition of SiO x shows adhesive failures between Y-TZP and resin cement while to the others is observed adhesive and cohesive failures. In 
Conclusions
In this work was studied the bond strength between Y-TZP substrates and resin cement through deposition of SiO x thin films between these two materials by reactive magnetron sputtering technique at different oxygen concentrations in the Ar+O 2 plasma forming gas. Results show that SiO x films deposited by reactive magnetron sputtering is an efficient and alternative way to improve the bond strength between resin cement and Y-TZP to prosthetic dentistry once deposition of SiO x films on Y-TZP increased the bond strength to (32.8 ± 5.4) MPa and this value has not been achieved by traditional methods. 
